
mTOR: taking cues from the immune microenvironment

Environmental cues modulate the immune
response

A hallmark of the adaptive T cell response is the ability of

T cell receptors (TCR) to specifically recognize a vast

array of different antigens. However, while this recogni-

tion, termed Signal 1, plays a role in initiating T cell acti-

vation, the precise nature of the response is dictated by

environmental cues within the inflammatory milieu. That

is, in spite of the exquisite specificity of TCR engagement,

the outcome of antigen recognition is not determined by

the nature of the antigen itself, but rather by the context

in which the antigen is encountered.

While TCR engagement heralds recognition, full T cell

activation in response to this recognition requires a sec-

ond signal, Signal 2. Originally proposed by Bretcher and

Cohn and modified by Lafferty and Cunningham, the

two-signal model provides the foundation for the laws

governing T cell activation.1,2 Lafferty and Cunningham

initially proposed Signal 2 to be a species-specific acces-

sory signal delivered by the stimulator cell [antigen-

presenting cell (APC)] to the T cell.2 Today, the B7-CD28

interaction is recognized as being a critical component of

Signal 2. However, in reality T cells receive a multitude of

accessory signals from the APC upon TCR engagement.

Some of the signals such as CD28, ICOS and 4-1BB

deliver costimulatory signals whereas others, like cytotoxic

T-lymphocyte-associated antigen 4 (CTLA-4) and pro-

grammed death 1 (PD-1), deliver coinhibitory signals.3,4

In this fashion, Signal 2 represents the net integration of

multiple positive and negative accessory molecule signals.

While Signal 2 dictates the outcome of antigen recogni-

tion, the regulation of costimulatory molecules on the

surface of the APC plays a critical role in determining

T cell function. Hence, the ‘decision’ as to whether a par-

ticular antigen will induce full activation is determined at

the level of the APC. Antigens presented by activated

APCs will promote T cell responses while those presented

by resting APCs might promote T cell tolerance. Within

this framework Medzhitov and Janeway proposed a

model whereby immune responses were driven by the

presence or absence of ‘infectious non-self’.5 For example,

during a viral infection robust T cell responses result

from the presentation of viral peptides by activated APCs.

The activation of the APC is the result of stimulation by

virus-associated pathogen-associated molecular patterns

(PAMPs; for example double-stranded RNA activating

Toll-like receptor 3). In the absence of PAMPs, the

response to virus peptide would be weak or even tolero-

genic.6 In an effort to account for non-infectious immune

responses (such as to transplanted organs or cancer)

Matzinger and Fuchs have proposed the Danger The-

ory.7,8 In this model, immune activation occurs when

antigen is presented in the presence of danger signals,
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Summary

The ultimate outcome of T cell receptor recognition is determined by the

context in which the antigen is encountered. In this fashion both antigen-

presenting cells and T cells must integrate multiple environmental cues in

the form of pathogen-associated molecular patterns, cytokines and acces-

sory molecule signals. The mammalian target of rapamycin (mTOR) is an

evolutionarily conserved serine/threonine kinase that plays a central role

in integrating environmental signals critical to regulating metabolism and

cell survival. In this paper we review the data demonstrating that mTOR

integrates signals from the immune microenvironment and therefore facil-

itates the generation of the adaptive immune response. Specifically, we

review the role of mTOR in promoting dendritic cell activation and matu-

ration, in regulating full T cell activation versus anergy, and influencing

the induction of regulatory T cells.

Keywords: anergy; dendritic cells; mammalian target of rapamycin; regula-

tory T cell; T cell

� 2009 Blackwell Publishing Ltd, Immunology, 127, 459–465 459

I M M U N O L O G Y R E V I E W A R T I C L E



which in turn lead to the activation of APCs. As a conse-

quence, the ability of dendritic cells (DC) to sense and

integrate environmental cues is also critical to shaping

adaptive immune responses.

When naı̈ve CD4+ helper T cells become activated, the

precise effector response is also determined by environ-

mental cues.9 In the past, this was thought to be limited

to T helper 1 (Th1) and Th2 phenotypes. Th1 cells, char-

acterized by interferon-c (IFN-c), tumour necrosis factor-

a, and interleukin-2 (IL-2) production, begin a pattern of

immunity well suited for defence against viruses and

intracellular bacteria. Th1 effectors are generated when

antigen recognition occurs in the setting of IL-12 and

IFN-c. Th2 cells produce IL-4, IL-5, IL-6, IL-10 and

IL-13. They promote B cell-mediated immunity, aid in

fighting parasitic infections and are associated with the

allergic response. Th2 cells are efficiently generated when

antigen recognition occurs in the context of increased

IL-4 and minimal IFN-c.9

Recently, however, it has become appreciated that there

is a much greater plasticity to T cell responses upon TCR

engagement. Th17 cells, characterized by IL-17 produc-

tion, are associated with defence against extracellular

bacteria as well as autoimmunity.10 The generation of this

subset of T cells occurs when naı̈ve T cells recognize anti-

gen in the presence of IL-6 and transforming growth fac-

tor-b (TGF-b). In addition to IL-17-producing cells,

another outcome of antigen recognition is the generation

of inducible regulatory cells. For example, when TCR

engagement occurs in the presence of TGF-b, a popula-

tion of Foxp3+ cells that inhibit responses is generated.

Likewise, antigen recognition in the presence of IL-10

leads to the generation of IL-10-producing Tr1 cells with

suppressive properties.10 While in vitro skewing to these

specific subsets (effector and regulatory) is easily achieved

by adding exogenous cytokines and blocking antibodies,

in vivo, T cells must simultaneously integrate multiple

environmental cues to choose a specific effector fate.

mTOR integrates environmental cues

The target of rapamycin (TOR) was originally described

as a yeast kinase potently inhibited by rapamycin, a cyclo-

philin-binding compound produced by Streptomyces

hygroscopicus.11 While two TORs exist in yeast, metazoan

TOR consists of one TOR protein which can form dis-

tinct signalling complexes. Rapamycin interferes with

TOR signalling by binding to FKBP12, which can disrupt

the interactions between TOR and its binding partners.12

Like its yeast counterpart, the mammalian TOR (also

known as FRAP and RAFT1) was shown to integrate

numerous environmental cues critical to regulating

metabolism and cell survival.13 Mammalian TOR is con-

stitutively expressed and regulated post-translationally.

Studies exploring mTOR signalling using rapamycin

reveal it to be an integrator of insulin, growth factor

and amino acid signalling.14 mTOR phosphorylates

downstream substrates to prevent apoptosis and auto-

phagy, reorganize actin, initiate ribosome biogenesis, start

translation, and positively influence the G0 to G1 transi-

tion of the cell cycle. Incubation of cells with rapamycin

mimics a starvation signal leading to cell cycle arrest in

G1, the inhibition of translation and ribosome assembly,

the suppression of metabolism, and the initiation of

autophagy.15

Activation of mTOR proceeds via two distinct signal-

ling complexes: TORC1 and TORC2.16 TORC1 is a rapa-

mycin-sensitive complex consisting of an upstream

positive signalling small GTPase called Rheb, the GbL

adaptor subunit, mLST8, and PRAS40. In addition to

these subunits, a 150 kDa molecular weight scaffolding

protein, the regulatory associated protein of TOR (rap-

tor), is responsible for facilitating phosphorylation of sub-

strates by mTOR kinase. TORC1 has been implicated in

amino acid and growth factor signalling. The downstream

substrates of TORC1 are varied and have yet to be fully

catalogued. However, the canonical substrates used in

TORC1 studies are the 70 kDa ribosomal S6 kinase

(S6K1) and the translational repressor 4E-BP1 (Fig. 1).

In 2004 a second signalling complex was reported, ini-

tially thought to be insensitive to rapamycin treatment,

termed TORC2.17 TORC2 consists of an upstream posi-

tive signalling protein called mSin1, the GbL adaptor

subunit, mLST8, and protor.16 The 200 kDa molecular

weight rapamycin-insensitive companion of TOR (rictor)

is the scaffolding protein associated with TORC2 signal-

ling. TORC2 phosphorylates protein kinase B, or Akt, at

the specific phosphorylation site at serine 473.18,19 This

hydrophobic motif site locks Akt into a fully activated

conformation, allowing it to phosphorylate a number of

additional proteins.20

Interestingly, Akt is both upstream and downstream of

mTOR. Upstream, phosphatidylinositol 3-kinase (PI3K)

activation leads to the activation of Akt through the

phosphorylation of threonine 308 (Fig. 1). This T308 site

partially activates Akt facilitating the activation of mTOR

by phosphorylating and inactivating the tuberous sclerosis

complex proteins TSC2 and TSC1. TSC2 normally acts a

GAP for the GTPase Rheb, hence inactivation of TSC2

promotes TORC1 activation. As previously mentioned,

the phosphorylation of S473 of Akt is dependent upon

TORC2 activation. These observations must be considered

when evaluating the role of Akt in mTOR-dependent

functions. Further complicating evaluation of mTOR sig-

nalling is the fact that TORC2, which was initially

described as a rapamycin-insensitive signalling complex,

has been shown to be sensitive to the effects of rapamycin

in certain situations.21 The rapamycin sensitivity was first

described as a consequence of long-term rapamycin

exposure, but it is becoming increasingly evident that
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treatment with rapamycin can cause TORC2 inhibition

(and, consequently, decreased Akt phosphorylation) in

certain cell types.21,22 In T lymphocytes, for example,

TORC2 can be inhibited by rapamycin over the course of

several hours (unpublished findings). Hence, although ra-

pamycin acts by inhibiting the interaction between raptor

and mTOR (TORC1 assembly), through mechanisms that

are not precisely clear, rapamycin also can inhibit TORC2

and subsequently downstream Akt function.

Much of what we know concerning mTOR has been

derived from experiments employing the pharmacological

inhibitor rapamycin. Interestingly, rapamycin has been

shown to be a potent immunosuppressive agent. Mecha-

nistically, it was initially thought that rapamycin inhibited

T cell responses as a direct result of inhibiting T cell

proliferation. However, as we will discuss, it has become

clear that rapamycin (and other rapalogues) can

profoundly affect T cell activation versus anergy, the

generation of regulatory T cells (Tregs) and DC activation

and function.

mTOR and anergy

When Th1 T cells are stimulated via the TCR in the

absence of costimulation the cells not only fail to produce

IL-2 and proliferate, but they enter a state of hyporespon-

siveness known as T cell anergy. Because TCR engage-

ment without costimulation fails to promote

proliferation, it was initially proposed that anergy was the

result of TCR engagement in the absence of cell divi-

sion.23 In a variety of experimental systems several groups

have linked cell cycle blockade with anergy induction.24–26

In support of such a model, our laboratory was able to

demonstrate that T cells stimulated in the presence of

rapamycin (even in the context of costimulation) produce

appropriate levels of IL-2 upon initial stimulation, but

behave as if they are anergic upon subsequent rechal-

lenge.27 While these effects were initially thought to be

caused by the anti-proliferative effects of rapamycin, we

and others have disassociated cell cycle progression from

anergy.28,29 For example, the novel immunosuppressive

compound Sanglifherin A can induce cell cycle arrest in

G1 but fails to induce anergy.28 These findings prompted

us to propose that it was not the ability of rapamycin to

inhibit proliferation that promoted anergy but rather its

ability to inhibit mTOR. In support of this hypothesis we

have subsequently demonstrated that T cells transfected

with a mutant mTOR construct that is resistant to rapa-

mycin fail to become anergized in the presence of rapa-

mycin.30 In addition, anergized Th1 cells display

decreased mTOR activation, compared to their activated

counterparts.30 In this context, we propose that mTOR

senses the environment for accessory signals that are

delivered along with TCR engagement. For example, sus-

tained B7/CD28 interactions and subsequent prolonged

PI3K activity has been shown to maintain optimal CD4+

T cell activation/division.31 These data also highlight the

fact that although PI3K can be activated by TCR engage-

ment alone, enhanced (immunologically relevant) mTOR

activation requires costimulation. The role of CD28 in

enhancing mTOR activity is in part mediated by IL-2 but

there is also an IL-2-independent component.32 Notably,

however, the ability of growth factors such as IL-2 to

reverse anergy has been shown to be mTOR dependent.33

In the presence of Infectious Non-self or Danger sig-

nals, antigen is presented in the context of Signal 2 which

in turn is biochemically transmitted in the T cell through

mTOR. For this reason, we propose that for Th1 cells,

TCR engagement in the context of mTOR activation leads
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Figure 1. Schematic of mammalian target of rapamycin (mTOR)

signalling in T cells. Environmental cues including costimulatory

molecule engagement (CD28), growth factors [for example, inter-

leukin-2 (IL-2)], amino acids, and insulin stimulate the activity of

the phosphatidylinositol 3-kinase (PI3K) signalling cascade, promot-

ing the partial activation of Akt on threonine 308, upstream of

mTOR. The mTOR signalling proceeds via two complexes, TORC1

(characterized by mTOR and raptor) and TORC2 (characterized by

mTOR and rictor). While TORC1 is activated in part by the inhibi-

tion of TSC2, a biochemical inhibitor of TORC1, the precise

upstream events leading to TORC2 activation remain unclear.64

TORC1 phosphorylates (among many substrates) the ribosomal

S6K1 and the translational repressor 4E-BP1. TORC2 phosphorylates

Akt on serine 473, locking it into a fully activated conformation.

Rapamycin interferes with TORC1 signalling by interfering with

mTOR–raptor interactions. Rapamycin can also inhibit TORC2

signalling, although the mechanism is not entirely clear.
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to a full immune response, while TCR engagement in the

absence of mTOR activation leads to anergy.

mTOR and the regulatory T cell

In classic experiments, it was determined that day 3 thy-

mectomized mice develop spontaneous autoimmune dis-

ease.34 Subsequently it was shown that the prevention of

autoimmunity is mediated by thymus-derived Tregs.35

More recently, the generation of inducible Foxp3+ T cells

from naı̈ve cells has been demonstrated.36 In vitro, this

occurs when T cells encounter antigen in the presence of

TGF-b and IL-2. In vivo, this can be seen in the context

of a tolerogenic environment, such as lymphocytes that

infiltrate a tumour.37 In addition to Foxp3, Tregs are

characterized by high expression of glucocorticoid-

induced tumour necrosis factor receptor (GITR) and

CTLA-4. Furthermore, because regulatory cells fail to pro-

duce high levels of IL-2 and IFN-c upon rechallenge with

cognate peptide, such cells can be described as being

anergic.

When naı̈ve T cells are stimulated in vitro and rested in

IL-2, they become activated, but maintain a small popula-

tion (2–5%) of CD25bright Foxp3+ regulatory T cells, the

normal ‘complement’ consisting of the natural Tregs pres-

ent from the initial naı̈ve culture. When TGF-b is present

during the course of stimulation and expansion a signifi-

cant proportion of the culture becomes Foxp3+. Strik-

ingly, several groups found that treating T cells with

rapamycin during stimulation and expansion, in the

absence of exogenous TGF-b, also results in a culture

containing a relatively high percentage of Treg cells.38–40

That is, when T cells are stimulated in the presence of

rapamycin there is enrichment for Foxp3+ regulatory

cells. It has been proposed that this is the result of both

the de novo generation of Foxp3+ cells from naı̈ve T cells

as well as the selective expansion of regulatory cells over

effector cells, in both murine and human systems. For

example, in one model, systemic antigen administration

under the cover of rapamycin treatment promoted

de novo induction of Foxp3+ regulatory cells in vivo.41 In

another model, mice treated with rapamycin without

antigen administration showed an increase in the ratios of

Tregs to T effector cells.42 Alternatively, others suggest

that rapamycin promotes selective pressure for Treg

expansion.43 In these models it is thought that Tregs,

through mechanisms such as up-regulation of Pim2

kinase, simply do not require the mTOR machinery and

so can out-proliferate effector cells in the setting of

mTOR blockade.44

Upstream of mTOR, a signalling cascade from PI3K/

Akt leads to the inactivation of TSC2 and subsequently

the activation of TORC1. Based on observations that T

cells lacking phosphotase and tensin homolog (PTEN), an

important negative regulator of PI3K, have decreased

expression of Foxp3 and that inhibition of PI3K and Akt

leads to increased expression of Foxp3 it has been pro-

posed that the PI3K/Akt/mTOR axis regulates Foxp3

expression.45 Such findings are supported by observations

that T cells overexpressing a constitutively active Akt

show a decrease in Foxp3-regulated genes.46 In this sys-

tem rapamycin blocked the ability of the hyperactive Akt

to inhibit Foxp3 and so it was concluded that Akt regu-

lates Foxp3 via its ability to activate mTOR. However, it

is important to remember that (i) full Akt activation is

actually downstream of TORC2, and (ii) rapamycin can

inhibit TORC2 signalling. Indeed, by employing T cells

that have selective deletion of TORC1 signalling, our lab-

oratory has data supporting a role for TORC2 in regulat-

ing Foxp3 expression (manuscript in preparation).

Interestingly, the ability of Akt to induce an inhibitory

phosphorylation of the forkhead box family members

(like Foxo3) in cells other than lymphocytes has been

demonstrated.47 In this context, it may be that mTOR

signalling via TORC2-induced activation of Akt also plays

a role in regulating Foxp3 expression as opposed to Akt

regulating Foxp3 expression solely through the activation

of TORC1.

mTOR and the dendritic cell

Dendritic cells play a critical role in regulating adaptive

immune responses not only by presenting antigens to T

cells but also by influencing the outcome of antigen rec-

ognition. Like T cells, DC function is also very much

influenced by environmental cues and evidence is accu-

mulating that mTOR integrates these signals.

Resting DCs are constantly sampling the environment

through macropinocytosis and presenting antigen on their

surface.48 When T cells encounter antigen presented by

these immature DCs they are suboptimally activated and

in some cases T cell tolerance can ensue.49 Using the drug

rapamycin, it has been shown that mTOR activity is

necessary for the activation/maturation process. Rapamy-

cin has been shown to inhibit maturation of DCs by IL-4,

granulocyte–macrophage colony-stimulating factor and

IL-1b signalling.50–52 Dendritic cells derived from bone

marrow in the presence of rapamycin demonstrate miti-

gated up-regulation of MHC and costimulatory mole-

cules.53,54 Furthermore, DCs that are matured in the

presence of rapamycin are not only poor stimulators of T

cells but also promote the induction of T cell tolerance.

Rapamycin-treated DC display decreased synthesis and

secretion of IL-18, an important potentiator of IFN-c
production by T cells.55 In addition, alloantigen pulsed

DCs that are matured in the presence of rapamycin have

the ability to induce alloantigen-specific tolerance and

promote graft-specific tolerance in mouse models of

solid-organ transplantation.54 In part, this tolerance is

mediated by the induction of Foxp3+ Tregs. That is, rapa-
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mycin-conditioned DC were shown to be poor stimula-

tors of CD4+ effector cells but had the capacity to induce

activation and proliferation of CD4+ Foxp3+ regulatory

cells.

In addition to promoting DC maturation, mTOR has

also been implicated in influencing DC and monocyte-

induced cytokine production. Stimulation with the TLR-4

ligand lipopolysaccharide has been shown to lead to the

activation of mTOR and the phosphorylation of its down-

stream substrates.56,57 However, for both human and

murine myeloid DC, inhibition of mTOR with rapamycin

leads to the enhanced production of IL-12 and the inhibi-

tion of IL-10 production. Such observations suggest that

TLR-4-induced mTOR activation inhibits pro-inflamma-

tory cytokine production while enhancing the production

of the anti-inflammatory cytokine IL-10.56,57 In contrast,

mTOR activation appears to promote type I interferon

production in plasmacytoid DC.58 It has been shown that

TLR-9-induced IFN-a or IFN-b is dependent upon

mTOR and the downstream substrate of mTOR, S6K1.

As a consequence, while it is clear that mTOR activation

regulates the DC response to environmental cues such as

TLR agonists or cytokines, the nature of this regulation is

complex. In general, mTOR appears to be required for the

generation of activated/mature DCs. Maturation of DC in

the absence of mTOR activity can lead to tolerogenic

APCs. The TLR-9 activation in plasmacytoid DC activates

mTOR and this activation promotes immunity through

the production of IFN-a and IFN-b. Alternatively, TLR-4

activation of myeloid DCs leads to the production of IL-

10 and the inhibition of IL-12 production, suggesting that

under such circumstances mTOR activation negatively

regulates a pro-inflammatory response.

A central role for mTOR in directing immune
responses

As an integrator of environmental cues in both T cells

and APCs, mTOR plays a central role in directing

immune responses (Fig. 2). In the presence of danger

signals, mTOR facilitates the activation and maturation

of DCs, which promotes the presentation of antigen in

the context of activating costimulatory molecules. At the

same time, continued mTOR activation can enhance

IL-10 production and serve as a negative feedback loop

limiting aggressive T cell responses. Within the T cell,

mTOR activation as a result of costimulatory signals

and cytokine production leads to full activation. Interest-

ingly, recently a role for mTOR in T cell trafficking has

been demonstrated.59,60 In the absence of such signals, T

cell anergy and the generation of Treg cells dominates.

Given this central role of mTOR in multiple cells criti-

cal for the adaptive immune response, it is not surprising

that mTOR inhibition is an effective means to suppress

the immune system in transplantation.61 However, rapa-

mycin (or other rapalogues) are often used in conjuncion

with calcineurin inhibitors such as cyclosporine A(CsA)

or FK506. These latter agents block TCR-induced signal-
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B7-CD28

T
effector

T
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T
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T
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R
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Figure 2. Environmental signals (Danger) leading to the activation of mammalian target of rapamycin (mTOR) can induce the activation and

maturation of immature DCs. This activation leads to the up-regulation of B7 molecules and the production of type I interferons. In mature

myeloid dendritic cells (mDCs) and monocyte-derived lineages, persistent Toll-like receptor (TLR) stimulation may stimulate mTOR to induce a

negative feedback loop, leading to the inhibition of pro-inflammatory cytokine secretion. Naı̈ve T cells receiving stimulation in the context of

mTOR activation differentiate into effector cells, while those receiving T cell receptor stimulation with decreased mTOR activation (or rapamycin

treatment) default into regulatory T cells. Furthermore, differentiated effector cells receiving stimulation with full mTOR activation become fully

activated, while those receiving suboptimal mTOR activation are rendered anergic.
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ling and mitigate the tolerance-inducing properties of

mTOR inhibition.62 It has been shown that CsA blocks

TCR-induced anergy induction as well as the generation

of Tregs.27,63 Alternatively, while mTOR inhibition can

ultimately promote Treg cell generation and anergy, it

does not ‘acutely’ inhibit cytokine production. As a con-

sequence, optimal ‘tolerance induction therapy’ will

involve inhibiting acute inflammation while preserving

subsequent TCR signalling under the cover of mTOR

inhibition. Thoughtful design of regimens employing rap-

alogues in conjunction with costimulatory blockade and/

or targeted anti-cytokine therapy might prove better to

achieving the ultimate goal of long-term tolerance in the

absence of long-term immunosuppression.
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